Selection of milk thistle (Silybum marianum (L.) Gaertn.) genotypes for commercial cultivation depends on wild population resources, rather than on selection of varieties. The evaluation of these populations could contribute to the development of new milk thistle varieties with desirable traits such as high silymarin content. Therefore, we conducted a study to evaluate 30 wild populations occurring naturally in Greece, based on seed silymarin content. Seeds were collected from populations growing in localities presenting different environmental conditions. In addition, we also investigated the diversity in levels of silymarin constituents, as well as observed correlations among them. Significant differences in silymarin content were recorded among the populations studied, with values ranging from 2.31 to 7.71% (avg. 3.31%), as well as in flavonolignan and taxifolin content. The mean taxifolin content was 4.96 mg/g, while the highest silybin A + silybin B content (21.77-31.39 mg/g of dry weight (dw)) was recorded in seeds from the "Spata" population originating from central Greece. Our results showed noticeable levels of diversity in silymarin content and composition in native milk thistle populations, indicating that a valuable gene pool for exploitation in milk thistle breeding programmes exists in Greece.
| INTRODUCTION
Milk thistle (Silybum marianum (L.) Gaertn.) is an annual or biennial species belonging to the Asteraceae family; it is a common weed found in winter cereal fields, roadsides and undisturbed areas in the Mediterranean basin and other European regions (Andrzejewska, Martinelli, & Sadowska, 2015; Andrzejewska, Sadowska, & Mielcarek, 2011; Karkanis, Efthimadou, & Bilalis, 2011; Martinelli, Andrzejewska, Salis, & Sulas, 2015) . Milk thistle seed (botanically correct: fruits) extracts, as well as their constituents, exhibit several medicinal properties (Abenavoli, Capasso, Milic, & Capasso, 2010; Chambers et al., 2017; Karkanis et al., 2011) . The pharmacological activity of the seed extracts is because of silymarin, an extract containing the flavonoid taxifolin and several flavonolignans, including silybin A and B, isosilybin A and B, silychristin, isosilychristin and silydianin (Chambers et al., 2017; Kroll, Shaw, & Oberlies, 2007) . Silymarin acts mainly as a hepatoprotective (Patel, Joseph, Corcoran, & Ray, 2010) and anticancer agent (Wu et al., 2013) and, in 2016, milk thistle was placed in 6th and 16th position among herbal supplements in the natural ($10.0 million) and mainstream multioutlet channels ($17.1 million), respectively, in the United States (Smith, Kawa, Eckl, Morton, & Stredney, 2017) .
Milk thistle is an important industrial plant cultivated in low acreage in several European countries like Poland and the Czech Republic (Andrzejewska et al., 2011; Růži cková, Fojtová, & Sau cková, 2011 ).
This species is normally cultivated for the production of silymarin (Alemardan, Karkanis, & Salehi, 2013; Andrzejewska et al., 2011) , while the seeds and whole plant biomass can be used for oil and bioenergy production, respectively Domínguez, Madejón, Madejón, & Diaz, 2017) . Farmers use seeds from wild populations as propagation material for milk thistle cultivation, although a few cultivated varieties like Mirel and Silyb, in the Czech Republic, are available for commercial production (Růži cková et al., 2011) . Consequently, it is imperative that native populations are evaluated and characterised for efficient use in milk thistle breeding programmes.
High variability in silymarin levels or composition among wild milk thistle populations have recently been reported in several studies Table 1 . For all populations, seeds were collected from the central flower head of the plant.
| Measurements

| Plant and seed morphology
In the present study, agro-morphological traits like seed size, colour, leaf variegation and flower colour were recorded for each of the 30 plants collected from each milk thistle population. For the determination of seed size, 1,000-seed weight was established by randomly weighing 4 × 100 seeds from each population. For colour measurements, L*, C*, h parameters were determined using the CR-400
Chroma Meter (Konica Minolta Inc., Tokyo, Japan). L* represents lightness ranging from 0 (black) to 100 (white), C* specifies chroma, and h is the hue angle. The chroma and hue angle values were estimated using Equations (1) and (2), respectively, as suggested by McGuire (1992) : 
where a* denotes the red/green value and b* the yellow/blue value.
| Silymarin extraction and analysis
For the determination of the silymarin constituents, 5 g of dried and cleaned seeds were ground in a mill. The ground samples were then defatted in a Soxhlet apparatus with 200 mL hexane for 4 hr, while the oil was recovered by evaporating the solvent under vacuum at 40 C before weighing. The residue was air-dried and extracted with 200 mL methanol for 4 hr using a Soxhlet apparatus. The extract was evaporated to dryness on a rotary evaporator under reduced pressure at 40 C, and reconstituted in 25 mL methanol. A 1 mL aliquot of the extract was further diluted to 25 mL with methanol, filtered through a 0.45 μm nylon membrane, and subsequently used for HPLC (HighPerformance Liquid Chromatography) analysis, as described below.
For silymarin determination, three samples were examined for each population.
The HPLC analysis of silymarin content was performed in an HP 1100 Liquid Chromatograph (Hewlett-Packard GmbH, Waldbronn, Germany) equipped with a ternary-delivery system and a variable wavelength UV detector. A Novapak C-18 column (150 × 3.9 mm, 5.0 μm particle size) operated at a flow rate of 1 mL/min was used for separation of the silymarin constituents using a gradient programme.
The injection volume was 20 μL, and the column temperature was set at 40 C. Silymarin constituents were separated and determined using a gradient programme consisting of the following: a 30% methanol and 70% water solution containing formic acid (0.1%) for 4 min, followed by a linear increase up to 8 min to 40% methanol where it was held for 2 min; a linear increase up to 21 min to 50% methanol, where it was held for 4 min; a linear increase up to 27 min to 80% methanol,
where it was held for 3 min; and finally a decrease to 30% methanol up to 32 min, where it was held for another 2 min. The gradient elution used, with increasing methanol concentrations, resulted in a better resolution of polar components. The detection was monitored at 288 nm. The overall time of the analysis was 34 min. Silybinin (SigmaAldrich, St. Louis, USA) and silymarin (Sigma-Aldrich) were used as reference standards for identification and quantification of silymarin constituents. Silymarin and silybinin standard solutions prepared in methanol were used to evaluate the chromatographic behaviour of silymarin constituents and to optimise their separation (Figure 2 ). Silybinin standard solutions were used to construct the calibration curve, which was plotted based on the sum of the silybin A and B peak areas versus the concentrations of silybinin standard solutions. The concentration of each relevant component of silymarin in the analysed samples was calculated as for silybinin, by converting its respective area to concentration using the calibration curve. The total silymarin content in the samples was calculated as the sum of the single silymarin components (flavonolignans and taxifolin) derived from the HPLC analysis.
| Antioxidant activity assays and total phenolic analysis
DPPH assay
The DPPH• radical scavenging activity of the seed extracts was determined using a method proposed by Blois (1958) , with some modifications. The concentration of the DPPH (2,2-Diphenyl-1-picrylhydrazyl) solution used was 60 μM in methanol, consonant with the requirements of the accuracy of spectrophotometric measurements (Sharma & Bhat, 2009) . About 200 μL of seed extract (sample), ascorbic acid (0.1-1.0 mM, standard) or methanol (control) were mixed with 3 mL of a daily-prepared DPPH solution. The mixture was stirred and placed in the dark for 30 min. Suitable sealing tapes were used. The absorbance of each mixture was measured at 517 nm against a blank.
The free radical scavenging activity of each solution was calculated according to the following equation:
A standard curve was prepared using solutions with different concentrations of ascorbic acid in methanol. The DPPH• scavenging capacity was expressed as μmol Asc/100 g of dry weight (dw). All determinations were performed in triplicate.
FRAP assay
Total antioxidant potential of the seed extracts was determined using a ferric reducing antioxidant power (FRAP) assay according to Benzie and Strain (1996) , with some modifications. The FRAP reagent was prepared by mixing (a) acetate buffer: 300 mM, pH 3.6, (3.1 g sodium 
| Determination of total phenolic content
Total phenolic content (TPC) of the seed extracts was determined according to the Folin-Ciocalteu colorimetric method, as previously FIGURE 1 Geographical distribution of collected Silybum marianum populations growing naturally in Greece described by Gao, Ohlander, Jeppsson, Björk, and Trajkovski (2000) and Wojdyło, Oszmia nski, and Czemerys (2007) . About 100 μL of seed extract (sample), gallic acid (50-500 μg/mL, standard) or distilled water (control) were mixed with 2.2 mL of Folin-Ciocalteu reagent (diluted 10-fold in distilled water) and incubated at room temperature.
After 3 min, 1 mL of 20% sodium carbonate was added and the mixture was placed in the dark at room temperature for 1 hr. The absorbance of the mixture was measured at 765 nm against distilled water as a blank, on a UV-Vis spectrophotometer (Optizen Pop, Mecacys, Korea). TPC was calculated using the gallic acid standard calibration curve. The results were expressed as gallic acid equivalents (mg of GAE/100 g of dw). 
| Statistical analysis
The results of the present study were expressed as mean values of three replicates AE SE. Coefficients of variation (CV) across all populations were also calculated. Statistical analysis was carried out using the IBM SPSS Statistics software (Version 24; IBM Corporation, Armonk, NY). Principal component analysis (PCA) was performed to examine the contribution of each variable to the total diversity using the following variables: 1,000-seed weight, silymarin and oil content, seed colour and content of the silymarin constituents. Only principal components (PCs) with Eigenvalue > 1 were considered. Pearson's correlation analysis was also performed to examine the relationship between the silymarin constituents and recorded agronomical traits, while hierarchical clustering was used to classify the milk thistle genotypes and to create homogeneous classes of the studied populations.
3 | RESULTS
| Plant and seed morphology
The collection of milk thistle populations was characterised by variegated leaves and purple flowers. The main seed colour was brown, while the P2 and P11 populations were characterised by a black seed coat (Table 2) . For colour measurements, the L* parameter varied between 28.12 and 42.79 with a CV of 11.5%, while chroma (C*) ranged between 5.50 and 14.09 (CV = 22.6%). The lowest C* and L* values were recorded in the P2 and P11 populations. The average hue angle (h ) for the studied milk thistle populations was 76.18
(CV = 2.6%). For seed size, the 1,000-seed weight ranged between 14.91 and 25.90 g.
| Silymarin and oil content
Differences in seed oil content were observed among the tested milk thistle populations. The mean oil content was 26.70% (Table 3) , while the highest value (31.10%) was recorded in the P26 population. High variability in silymarin content was also observed among the studied populations. Silymarin content ranged from 23.06 to 77.12 mg/g dw. The average silymarin content across all populations was 33.11 mg/g dw, with a CV of 28.4%. The highest silymarin content was recorded in the P2 and P17 populations originating from Spata and Kastoria, respectively, followed by the P1, P8 and P21 populations.
| Content of silymarin constituents
Significant differences were also observed in taxifolin and flavonolignan content among the studied milk thistle populations (Table 4) . 
| Population classification
A PCA was carried out to evaluate the main sources of variation in 30 milk thistle populations (Table 5 ). This analysis indicated that the four PCs with Eigenvalue > 1 explained 85.33% of the total variance, with PC1 and PC2 accounting for 64.18% of the observed variation. 3.5 | Antioxidant activity and TPC TPC in the seed extracts ranged from 1,687 to 3,075 mg GAE/100 g dw (Table 6 ). The highest TPC content was recorded in the P2, P8, P17 and P24 populations originating from Spata, Argyria, Kastoria and Terpsithea, respectively. For antioxidant activity of silymarin extracts, DPPH• radical scavenging activity ranged from 2,866 to 4,239 μmol ascorbic acid/100 g dw (CV = 9.4%). The highest DPPH• activity was recorded in the P8 population. The total antioxidant capacity determined through the FRAP assay also showed variation, ranging from 7,339 to 12,417 μmol ascorbic acid/100 g dw (CV = 13.6%).
Hierarchical analysis of the antioxidant assay indicated that the milk thistle populations fell into five distinct classes (dendrogram not shown). The first class comprised the P8 population, which showed 4 | DISCUSSION
| Plant and seed morphology
The characterisation of 30 wild milk thistle populations revealed a relatively low amount of variation in most studied phenotypic traits, for example, variegated leaves and purple flowers were characteristics to all the milk thistle populations. Recently, Martinelli et al. (2016) observed that three milk thistle accessions were composed of plants with non-variegated leaves, while the accession G9 had some plants with white flowers. Similarly, AbouZid et al. (2016) reported that purple flower colour was dominant over white in thistle populations naturally grown in Egypt. Regarding seed colour, the majority of the milk thistle populations were composed of plants with brown seeds, while only the P2 and P11 populations were characterised by black seed coats. In Egypt, milk thistle genotypes are classified into three types, consisting of plants presenting brown, black or creamy white seeds (AbouZid et al., 2016) . With respect to seed size, the mean 1,000-seed weight was 20.01 g, with a CV of 10.8%. In a recent study, Martinelli et al. (2016) observed that the average 1,000-seed weight was 24.51 g, with a CV of 9.6%. Thus, 1,000-seed weight shows a relatively low CV, suggesting a narrower available genetic variability for this trait.
| Silymarin and oil content
Characterisation of the existing levels of diversity for silymarin content among the milk thistle populations growing in Greece is the first step for using these populations in future breeding programmes. The characterisation of these populations revealed a relatively high amount of variation in silymarin content. Most of the milk thistle populations exhibited silymarin content lower than 4%, while the highest silymarin content (5.04-7.71%) was recorded only in two populations (P2 and P17). In a similar study, Martinelli et al. (2016) reported that the silymarin content in cultivars and wild accessions originating from Italy and other countries varied between 3.39 and 4.99%. To the best of our knowledge, the highest silymarin content (8.9-10.2%) was recorded in two genotypes grown under saline conditions (Ghavami & Ramin, 2008) . In a recent study, AbouZid Milk thistle is mainly cultivated for silymarin production, but can be also be grown as an oilseed crop (Alemardan et al., 2013) . In the present study, the oil content ranged between 24.65 and 31.10%, while the CV across all populations was only 5.7%. Similarly, Martinelli et al. (2016) observed that the oil content in several milk thistle genotypes originating from Italy and other countries ranged between 26.68 and 31.74%, with a CV of 5.99%. Nevertheless, in colder climates, the oil content is often found to be lower (18.98-22.1%) than that reported in the Mediterranean region (Andrzejewska et al., 2011; Růži cková et al., 2011) . Oil content also showed a positive and significant correlation with 1,000-seed weight (r = 0.48, p < .01, Table 7 ). In contrast, Martinelli et al. (2016) found no correlation between oil content and 1,000-seed weight. TPC differed among milk thistle populations. The average TPC content across all populations was 2,477 mg GAE/100 g dw, with a CV of 13.3%. In a previous study, Lucini et al. (2016) observed that TPC content in several milk thistle genotypes ranged from 206 to 360 mg GAE/100 g.
Moreover, Stancheva et al. (2010) reported that total phenol content in seeds ranged between 2,582 and 3,911 mg/100 g. In contrast, the TPC content (23,337 mg GAE/100 g) in a standardised extract of silymarin was substantially higher than in the present study (Pientaweeratch, Panapisal, & Tansirikongkol, 2016) . The TPC also had a positive and significant correlation with DPPH• scavenging activity (r = 0.456, p < 0.01) and FRAP (r = 0.462, p < 0.01). This agrees with Lucini et al. (2016) who reported that the antioxidant capacity of silymarin extracts is because of the synergic activity of phenolic constituents and flavonoids.
| CONCLUSIONS
The results of the present study indicate that S. marianum is charac- 
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